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Abstract— SCI includes both primary and secondary injuries, the former of which usually refers
to a mechanical lesion to the spinal cord and the latter of which is caused by cellular and
biological reactions to the main injury, including the vascular, neurological, and immunological
systems.Oxidative stress is associated with SCI and can cause damage to cells. Repair enzymes
such as SOD and quinine reductase play a crucial role in the repair and rebuilding process.
Future studies on the possibility of tempol in the treatment of SCI hold a lot of promise.
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Background

Spinal Cord is a vital component of the central nervous system, serving as the primary pathway
for communication between the rest of the body and the brain. Spinal Cord Injury (SCI) can
cause damage to nerve roots or myelinated fiber tracts, often the result of accidents or traumatic
events. (1) SCI can result in devastating consequences such as impaired mobility, pain, and
autonomic dysfunction. (2) SCI triggers a complex series of cellular and molecular processes
involving immediate and delayed injury mechanisms.(3) Oxidative stress, a key aspect of the
secondary injury cascade, has been the focus of extensive research in recent years due to its
critical role in the ongoing tissue damage and dysfunction following the initial traumatic event.
The inflammation aspect of secondary SCI is often the focus of neuroprotective agents due to its
relatively good understanding. Primary and secondary SCI both boost the extracellular and
intracellular mechanisms that hinder CNS axon regeneration.

(4) Reactive oxygen species (ROS), including the superoxide radical anion, hydroxyl radical, and
hydrogen peroxide, are produced during metabolic and physiological processes. The effects of
ROS are controlled by external antioxidants, as well as internal antioxidants including scavenger
enzymes (SOD and GSH peroxidase). Oxidative stress is associated with SCI and can cause
damage to cells. Repair enzymes such as SOD and quinine reductase play a crucial role in the
repair and rebuilding process. Tempol, categorized as a nitroxide or a free radical undergoing
one or two reduction cycles, may present a new approach to treating injuries that lead to the
programmed death of neurons and glial cells.(5) The intricate nature of SCI, encompassing its
pathological mechanisms and the formidable hurdles associated with neural regeneration, has
been a persistent and formidable challenge for researchers.
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This review emphasizes tempol's capacity to suppress polyol pathway activity, which preserves
cellular glutathione and mitigates axonal degradation, indicating that tempol may serve as a
possible treatment approach for spinal cord injury (SCI).

Pathophysiology of Spinal Cord Injury

The pathophysiology of spinal cord injury (SCI) encompasses primary and secondary injuries;
the former typically refers to a mechanical injury to the spinal cord, while the latter results from
cellular and biological responses to the primary injury, involving the immune, nervous, and
vascular systems. This includes hemorrhage, ischemia, oxidative stress, inflammatory responses,
neural cell death, demyelination, and scar formation, among others.(6)

Secondary spinal cord injury is delayed and progressive tissue damage that occurs subsequent to
the main spinal cord injury. The blood-spinal cord barrier is disrupted during this secondary
damage cascade, allowing inflammatory cells such neutrophils, T-cells, macrophages, and
microglia to penetrate the injury site. (7) After blood vessel disruption results in hemorrhage in
the spinal tissues, monocytes, neutrophils, T and B lymphocyte cells, and macrophages invade
the affected areas. The production of inflammatory cytokines, including interleukin (IL)-1a, IL-
1b, IL-6, and tumor necrosis factor (TNF)-a, occurs 6—12 hours after damage and is linked to this
event. Neurons become inflamed when immune cells and inflammatory cytokines invade the
body.

One of the most important therapeutic targets for stopping the progression of injuries is this
secondary injury stage. There are other categories within the secondary stage, including acute,
subacute, intermediate, and chronic stages. The subacute stage of SCI is characterized by
neuroinflammatory responses, mitochondrial phosphorylation, and NOS production; the chronic
stage is characterized by apoptosis and necrosis, axon degeneration, axon remodeling, glial scar
formation, and spinal ischemia, vasogenic edema, and glutamate excitotoxicity.(Fig 1)(8)
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Fig 1.Pathophysiology of spinal cord injury

The disruption of the microvascular network leads to the infiltration of leukocytes and
erythrocytes into the spinal cord tissue. (8) The accumulation of these immune cells within the
injured site exerts compressive forces on the surrounding spinal tissues, further compromising
the local blood perfusion and resulting in vasospasm. (9) This ischemic microenvironment,
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characterized by decreased oxygen supply and impaired blood flow, provides a fertile ground for
the overproduction of reactive oxygen species and reactive nitrogen species, which are major
contributors to the oxidative stress that perpetuates the secondary injury cascade. The excess of
these free radical species, including superoxide anions and hydrogen peroxide, can directly
damage critical cellular macromolecules, such as lipids, proteins, and nucleic acids, impairing
cellular function and ultimately leading to cell death. Apoptosis of oligodendrocytes initiates
chronic demyelination, leading to anterograde neurodegeneration and the formation of fibers
with disrupted myelin sheaths, a process known as Wallerian degeneration. Acute axonal
degeneration (AAD) is another critical clinical manifestation observed in the early stages of
spinal cord injury. This process involves the activation of cysteine protease calpain and further
propagates axonal degeneration. AAD is triggered by a significant influx of calcium (Ca2+) into
axons, and increased Ca2+ deposition heightens the risk of AAD. Wallerian degeneration is
characterized by the development of retraction bulbs, a microtubular network that inhibits axonal
regeneration. This anterograde degenerative mechanism is referred to as Wallerian
degeneration.(10)

Demyelination, the destruction of myelin sheaths that insulate nerve fibers, occurs following
spinal cord injury. This process impairs signal transmission along axons and leads to
degeneration of both axons and oligodendrocytes, the myelin-producing cells.(9) During the
secondary injury phase, oligodendrocytes undergo both necrotic and apoptotic cell death.
Elevated glutamate levels trigger excessive calcium influx, which in turn provokes further cell
death.(10) Oligodendrocyte damage is also driven by oxidative and nitrosative stress, depletion
of the antioxidant glutathione, increased intracellular iron, and peroxisome dysfunction. (11)
Reactive oxygen species produced by infiltrating neutrophils and activated microglia induce the
release of pro-inflammatory cytokines such as TNFa, IL-2, and interferon y, as well as
proteolytic enzymes, further exacerbating oligodendrocyte apoptosis. (12)

Spinal cord injury leads to motor and sensory dysfunctions due to the cascade of primary and
secondary damaging events. Many previous treatment strategies have not been successful in
addressing SCI, as the pathological processes involved are complex. However, available
therapeutic approaches can be broadly classified into neuroprotective, neuroregenerative, and
immune-modulating pathways.(6)

Neuroprotection aims to protect neuronal structure and function, preserving neuronal integrity
and decreasing neuron loss over time. This can delay disease progression and prevent further
neurodegeneration. Pharmacological neuroprotective approaches can be divided into various
subgroups, such as neurotransmitter agonists and antagonists, channel blockers, antioxidant
agents, anti-apoptotic agents, and herbal/natural compounds, each targeting specific aspects of
the degenerative cascade.(13)

The mechanisms by which reactive oxygen species and reactive nitrogen species are produced
lead to an increased demand for ascorbic acid and alter the functionality of key antioxidant
enzymes like superoxide dismutase, catalase, and glutathione. (14) Diminished activities of these
critical antioxidant enzymes have been consistently observed in the context of neurodegenerative
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disorders, highlighting the pivotal role that reduced antioxidant capacity plays in the
pathogenesis of spinal cord injury. Antioxidants are chemical compounds that mitigate oxidative
stress by preventing the oxidation of various molecules. As such, inhibitors of reactive oxygen
species and reactive nitrogen species can counteract the oxidation of diverse bioactive molecules
that occurs during the secondary phase of spinal cord injury. A wide range of molecules are
utilized to control ROS and RNS generation. Antioxidant therapies can be categorized into two
groups: those that inhibit the production of ROS and RNS, and those that prevent lipid
peroxidation. (6)

Tempol role in Spinal Cord Injury

Tempol, a synthetic compound that mimics the catalytic activity of the superoxide dismutase
enzymes, has been found to confer neuroprotective benefits in experimental models of spinal
cord injury by attenuating oxidative stress. It is a membrane-permeable nitroxide compound,
could allow increased Nrf2-dependent transcription, demonstrated efficacy as an antioxidant that
effectively scavenges reactive oxygen species, promoting YGCL expression and resulting in
greater glutathione synthesis. Consistent with this hypothesis, tempol has been shown to decrease
NF-xB activation and increase Nrf2 activation. (1)(15) Tempol treatment also reduced
expression of AKR1B10 in the degenerating axons. Inhibition of AKR1B10, an enzyme involved
in the oxidation of lipid intermediates during lipid peroxidation, may be a key mechanism
underlying tempol's protective effects against oxidative injury following SCI.(1) This protective
function has been observed in multiple animal models examining brain ischemia, traumatic
injuries, and mitochondrial dysfunction in the spinal cord. Tempol has been shown to exert a
range of beneficial biological effects, including protective actions against radiation exposure,
metabolic disorders, and shock, as well as safeguarding the heart, kidneys, and central nervous
system.(16)

Tempol, a commercially available compound, is a potent nitric oxide scavenger and superoxide
dismutase mimetic, offering several advantages that make it an excellent candidate for providing
cellular protection.(17) Furthermore, in a spinal cord injury model, pretreatment with tempol has
been shown to inhibit the expression of cyclooxygenase-2 and inducible nitric oxide synthase
(INOS), thereby decreasing NO production and reducing the injured area.(18)

SCI is characterized by the depletion of glutathione and greatly increased rates of lipid
peroxidation, which are inhibited by tempol, a compound that mimics the catalytic activity of the
human superoxide dismutase enzymes, selectively converting superoxide radicals into less
reactive hydrogen peroxide and molecular oxygen.(19) In addition to tempol, other antioxidant
therapies such as SOD mimetics, peroxynitrite decomposition catalysts, and compounds
targeting specific oxidative pathways have demonstrated promising results in animal models of
SCI, highlighting the potential therapeutic utility of targeting oxidative stress in the context of
spinal cord injury. (14) Tempol had very similar effects on sparing of spinal cord tissue and
locomotor recovery compared to sorbinil.(1) The effects of tempol were also non-additive with
sorbinil when used in combination, consistent with involvement of similar mechanisms involving
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the generation of ROS. Tempol could act by depleting superoxide generated by mitochondria or
through NADPH oxidase, a consequence of polyol pathway activation, which otherwise would
have been available for peroxynitrite formation.(Fig 2)
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Fig.2 Pathophysiology and Role of Tempol in SCI

In traumatic injury, tempol therapy totally inhibited the amount of 3NT in mitochondria
extracted from the injured brain at 12 hours after injury and in whole-tissue homogenates
extracted from the injured cortical tissue at 1 hour after injury. Early temporal administration
nearly entirely maintained mitochondrial respiration in addition to preventing mitochondrial
oxidative damage.(20)

From another study about inflammatory pain, tempol, a SOD mimetic drug, decreased the
expression of the NADPH oxidase subunit gp91phox mRNA in the spinal cord and paw skin, but
peripheral injection of a superoxide anion donor increased it. Tempol also decreased the
expression of TNFa, IL-15, preproET-1, and COX-2 mRNA in the spinal cord and paw skin
caused by superoxide anion. Actually, superoxide anion-induced pain and inflammation were
lessened when tempol or other analgesics were used to target these mediators in the paw skin and
spinal cord.(21)

Some in vivo studies found that tempol has shown a large benefit on SCI including effect on
behavioural and functional recovery, reduction in inflammation, improved mitochondrial
function, and neuroprotection. (Table 1)

Prior research indicates that tempol could represent a novel curative therapeutic approach for
humans, rather than a preventive intervention. However, this strategy is typically not
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recommended as a monotherapy, owing to the complex and multifaceted nature of SCI
pathophysiology.
Table 1 In vivo studies of tempol

Dosage Time Sample Results
275mg/kg 6 weeks Adult raised axonal area after (1)
female injury in comparison to
Wistar rats that were
mice laminectomized but not
injured (0 h), and p <
0.00005

substantial decreases in
axonal area caused by
tempol treatment as
opposed to untreated or
tempol + BSO treatment,
and p <0.05

100mg/kg 14 days Sprague—  After contusion SCI, the  (18)
Dawley COX-2 mRNA/GAPDH
male mice ratio of the tempol-
treated groups shows a
similar trend, peaking at
8 hours and then
declining, but the
expression levels are
much lower than those of
the tempol-untreated

groups.
3,10,30,100,300mg/kg 24 h Young At its peak 24 hours (20)
Adult after injury, tempol (300
Male CF-  mg/kg) intraperitoneally
1 mice at 15 minutes, 3, 6, 9, and

12 hours similarly
reduced a-spectrin
degradation by 45%. The
same dosage schedule
resulted in a notable,
albeit small, reduction in
hemisphere
neurodegeneration at 7
days and enhanced 48-




Sapporo Medical Journal SEPPORO
Volume 59, Issue 01 January 2025

hour motor performance
(17.4%, P<0.05).

10,30,100mg/kg 5h male With statistical (21)
Balb/c differences when
mice compared to doses of 10
and 30 mg/kg, the dose
of 100 mg/kg entirely

reduced both mechanical
hyperalgesia (3 h) and
thermal hyperalgesia (1—
5 h) as well as paw
oedema between 1 and 5
h.

Conclusion

According to our research, which was based on reviews from many journals, tempol qualities can
be used as a neuroprotective agent after spinal cord injury resulting in reduced apoptosis,
enhanced motoneuron survival, and synapse maintenance.These findings show promise for
tempol as an SCI treatment.
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